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la order to produce the detailed wave structure and the ma 4 nitu> 
bang vertically below a supersonic aircraft flying in a non -uniforn 
atmosphere, one needs the following data: 


1. Flight Mach number and altitude 

2. Configuration of the aeroplane 

3. Normal cross-sectional area distribution of the aeroplane 

as a function of distance along aeroplane axis. This 
area includes the fuselage, wings, and nacelles. 

See attached Figure. 

4. For any flight Mach number of interest, one needs the lift 

distribution as a function of distance along aeroplar e a? - 
This lift distribution is obtained by integrating late ally 
the pressure forces on the lifting surfaces. See at ache 
Figure. 

5. Range of cruising Cj^AR. 


C. A R is defined as 


T& 7 


where I is the characteristic length of the aeropl: ne. 


USAF review(s) completed. 
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SUMMARY 

This brief report studies the pressure disturbance or bang 
produced on the ground by a high-flying supersonic aircraft. The main 
interest here is; (I) to assess the effect of the non-uniformity of 
the atmosphere in attenuating the waves from the aircraft and (2) to 
relate this to some gross parameters of the aircraft. 

The linear supersonic flow theory is used to compute the 
pressure disturbance at large distance from the aircraft and the 
attenuation of this disturbance through a Rand standard atmosphere 
is computed by a simple application of Whitham's theory. Formulae 
for either a "lift-controlled” or "shape-contro I led" bang are given 
as a function of the gross parameters of the aircraft such as flight 
Mach number, altitude, size, slenderness ratio, lift coefficient and 
certain design factors which depend on rather detailed knowledge of 
the aircraft in question. 
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A NOTE ON THE PRESSURE DISTURBANCE AT GROUND LEVEL 
CAUSED BY A HIGH-FLYING SUPERSONIC AIRCRAFT 

The pressure field associated with a supersonic lifting body can be 
obtained from the theories of linearized supersonic flow of Hayes 1 and 
Ward^ together with the extensions to Include non-linear effects at large 
distances given by Hayes^ and Whitham^". The introduction of a non-uni form 
variation of the atmosphere Is then straightforward as noted by Whitnam. 

A recent extensive investigation by Struble et . a I treated this praolem 
but their adaption of the Whitham technique to consider the effects of 
atmospheric variation appears to be Incorrect. 

The difficulties encountered in the present note stem not from 
a development of the above theory, but from an attempt to interpret its 
results in terms of "gross" parameters of the aeroplane. Given al I the 
details of area distribution, lift distribution, etc., it is possible to 
obtain, within the limits of the above theory, a preci.se picture or the 
detailed flow at large distances. The complicated non-linear Interaction 
of the pressure waves produced by the " 1 1 ft"-l nduced and the "shape' - 
induced pressure fields makes a general discussion of the behavior 
under arbitrary values of all the relevant parameters Impossible. 

Indeed, it may be deduced from this difficulty that the design of the 
aeroplane Itself has a particularly Important place in the size of the 
disturbance produced as the aeroplane flies at different altitudes. 

If a small pressure disturbance were one of the design criteria of 1 he 
aeroplane, it would seem possible to arrange this. Whether such an 
aeroplane would be acceptable from other points of view remains doubtful. 
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In general, it is possible to extract an explicit form for 

the variation of the pressure at ground level with height for a particular 
aircraft flying at a fixed Mach number. The difficulties are associated 
with comparing two different aircraft or the same aircraft flying at two 
different Mach numbers, if we limit outselves to a requirement that the 
result be in terms of the ’’gross” parameters of the airplane. 

For a given aeroplane flying at a given Mach number, the linear- 
ized wave pattern far away from the body and near the Mach cones can be 
calculated. This flow pattern serves as "initial conditions" in con- 
sidering the non-linear attenuation of the waves. Without a detailed 
knowledge of the configuration and lift distribution of the aeroplane, 
one could not describe the proce ss of interaction of the wave patterns. 
However, asymptotically, the wave pattern will tend to a single N-wave 
(except in very special circumstances where more than one N-wave may 
persits), and it is the strength of the head shock of this N-wave that 
the analysis predicts. 

The linearized pressure fields due to the lift and due to shape 
of the given aeroplane may interfere in different ways at different 
flight Mach numbers. The interaction controls the strength of the 
head shock. In the present theory, one assumes that the bang heard 
on the ground is controlled by either the "lifting" pressure field 
or the "shape" pressure field. in other words, one considers the 
limiting case of when either pressure field is so much more powerful 
than the other one that the Interference effect is negligible. 

For the I i ft-corrtro I led bang, the pressure rise across the 
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and for a shape-controlled bang, the pressure rise across the 


head shock is 


- Jrr (&)(!& 0 


Pc 


£ 


3/4- 


Z(t) 


ci t 


( 2 ) 


where p g is the pressure at ground level, M h is the flight Mech nufrber, 
Mg is the flight velocity divided by the speed of sound on the ground, 
H Is a characteristic dimension, d L and d s are the design factors 
(d{_ is a function of flight Mach number and dg is a constant for a 
fixed aeroplane. See Appendix.), h is the altitude of flight, Z(h) is 
a function of the atmosphere and Is computed for the Rand standard 
atmosphere and plotted In Figure I. The factor R / is the slender- 
ness .ratio of the cross-sect iona I area of the aeroplane. The facto 
ClAR is defined as 


2 W 

ClAR ' p„ TFT 

where W is the weight of the aeroplane, P h is the density at 
flight altitude and U is the flight velocity. 

In formulae (I) and (2), the approximation M ^ M 2 -l has been 
made, where M is the flight velocity divided by the local speed of 
sound at any altitude below the aeroplane. Since the speed of sound 
variation for the standard atmosphere is only about \Q% for altitudes 
below 80,000 feet, one could replace Mg by Mf, in the formulae withwf 
making any serious error. Thus, formulae (I) and (2) can be wrltter as: 


Li ft-contro I led 



Form-control led 







di_ (M) 







(3) 


( 4 ) 
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In principle, If the configuration and lift distribution of 

the aeroplane are known in detail, the progress of the Interaction of 
the linearized wave patterns can be predicted* The asymptotic head 
shock strength would then be given by 



where djj$ is again a design factor which is quite a complicated function 
of the configuration and lift distribution of the aeroplane. The de- 
tailed definition of dj , d^ and will be given in the Appendix, It 
will suffice to state here that they are of order unity. 

It is seen from formulae (3) and (4) that no single parameter 
appears to dominate either result. 

It is obvious that the effect of altitude is to decrease the 
strength of the bang. The J i f t-contro lied bang is discussed first. 

To increase altitude for an aeroplane of a giv^ n weight and flight 
Mach number would necessitate an increase in which tends to in- 
crease the bang. Figure i also shows the overall effects of altitude 
for this case. It is seen that the bang still decreases with alti- 
tude,- but more gradually* 


For a given shape of the aeroplane and a given flight Mach 
number, the scale of the aerop lane is indicated by the length jt « 

If C^AR Is kept constant, the bang is directly proportional to 
and if W Is kept constant (since ARC^ is non-d mens i ona I i zed by a factor 
£ ) , the bang is inversely proportional to j£ • This shows that for 



a given total lift, the more spread out the lift distribution is the less j 
bang it makes on the ground. 
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If the bang is shape-controlled, then for a given shape of trie 

aeroplane, formula (4) gives explicit Mach number dependence. The 
interpretation of this formula ; s then explicit. 

In general, both the lift-controlled and the shape-contro I I ad 
pressure fields will be headed by a compression phase in the groundward 
direction. Thus, the two pressure fields will tend to reinforce each 
other as they interact. Therefore, by computing the I i ft-contro I lari 
and shape-controlled disturbances by formulae (3> and (4), the larger 
of the two will give the minimum bang produced by the aeroplane under 
the most facorable interference conditions. 

It must be realized that these results are also subject to 
the limitations of the theory itself. Damping effects due to viscosity 
outside the shock waves and reflections at local temperature dl scon* 
tinulties are not included. Both these effects might tend to reduce I 
the pressure variation. It would, however, be possible to think of a 
temperature variation which could focus the waves and, hence, produce 
a locally very large pressure disturbance. 

As the thickness of a shock wave varies inversely with Its 
strength, the thickness of the head shock wave would become comparable 
to the size of the N-wave itself at very large distances. A more re- 
fined theory Is then needed to consider this effect. 


EXAMPLE: 


M 

R/ 

i 


Ak 


Aeroplane A Aeroplane B 


2 

Same 

I 

50,000' 

Same 

Same 


3 

Same 

2 

70,000' 

Same 

Same 
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Then for the ” 1 1 f+"-contro i led pressure 

A P, 


_TA 


' '*! 


and for the "shape"“Contro 1 I ed pressure 

A P(3 


■X 


where we have assumed d^ and to be the same for the two aircraft* 
In view of the approx (mat ions used in The theory , it would not 
be realistic to take variations of less than 20$ as significant. In 
general, we would expect the li ft-control led pressure to be most 
important. Thus, the result would seem to Indicate that Aircraft B 
will give about the same disturbance as Aircraft A* 
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I n genera I 


cf 


LS 


f 



dr 


where. and F^ are the disturbance functions associated wjth the 
lift distribution and area distributions. The limit of the integrat on 
7T LS is associated with the detailed wave pattern of the linearized 
flow field (see Whit ham 4 and Lighthill 5 for a more detailed discussion 


of this point) . 


F^ is defined os 


F u = 777 


i 


? dL di~ 

-S—- 

1/ 1 - tr ' ' 


where L Is lift per axial distance and Fg Is defined as 


Fs = 


n ^ 






where S is cross-sectional area of the aeroplane. Both F^ and F^ ar* 
non-dimensional ized quantities. For different aeroplanes of very 
similar design, one might expect the corresponding design factors to 
be roughly the same. This is the justification for assuming dj_ and <J.- 
to be the same in the given example. 

The two limiting cases considered correspond to the two term* 
in the Integrand: 

d ^[J\dz ; J* -Jj/ fyJZ 

In these cases and T s denote the first zeros of F L and Fj, 

respect ively. 
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The altitude function Z(h) is 



where a is the speed of sound. 
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I. Introduction 

me past two years of B-58 flight operation have emphasized the importance 
of the sonic boom problem. These two years have created an acute awareness among 
industry and military service members alike of the adverse public relations 
arising from booms. 


The boom problems facing 08 AF are going to increase rapidly In the next 
few years. Beginning with the long sustained supersonic cruises of the B-58 
in its flight test phase the frequency of public complaints has risen sharply. 
Later this year the B-58 enters its operational life in the Strategic Air 
Command. A second upsurge of complaints is expected when training flints are 
commenced over heavily populated areas such as are scheduled in SAC ' s operations. 

The problem will be further accentuated by the introduction of the B-70 
into flight test and operational phases. And finally, the arrival ©f military 
and commercial supersonic transports will irrevocably focus the public's 
attention on the sonic boon. The variety of new aircraft shapes, sizes, and 
performance characteristics will add more complexity to the intensity « nd 
frequency of booms. Hanging from s&tall Interceptor missiles of the scnarc type 
to the bug© long range bombardment and transport craft flying at hypersonic 
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Of obvious importance to both the designer and operator of supersonic 
aircraft is the pressing need of a reliable nethod of predicting sonic boon 
intensities, distributions, and ground coverage. While a number of reports 
dealing with analytical prediction methods have been published recently*, 
very little effort has been expanded to experimentally verily these pre- 
dictions. Aside from limited comparisons of theoretical and experime ntal 
boom results made by this Division, Convair knows of no integrated evaluations 
of such value as to permit confident predictions of new aircraft. 

The Langley Research Center of KARA has conducted some model and flight 
test measurements of booms out not in en integrated program as is required. 
Accordingly Convair propones the combined wind tunnel a nd flight test 
program of sonic boom investigation as is embodied in this report. It is 
our opinion that this program is needed to provide reliable boom estimates 
of present day and future high performance aircraft. 


Sti': * 
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overpressure is directly proportional to this pressure. 
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The influence of the local terrain on the absorption and reflection of 
incasing acoustical waves is the fourth parameter* As an example, free air 
overpressures are doubled by the ground reflection fro® a flat surface such 
as a paved street or sidewalk. 

Each of the above four parameters can be investigated by carefully planned 
wind tunnel experiments. And it is of interest that the Convair and Princeton 
boom analyses agree on the form of each of these parameters. The only disagreement 
between the two is over the fifth parameter-, the attenuation of the boom through an 
actual atmosphere. 

The inability to achieve controlled gradients in pressure, density, 
temperature, moisture and other properties precludes use of wind tunnels to 
explore the attenuation through real atmospheres. To achieve this, ac tual flight 
tests must be conducted wherein boom measure!® nts are recorded from supersonic 
aircraft flying overhead. Two existing flight articles should yield the necessary 
data to determine actual attenuation. These are the B~5 8 bomber and the Beware 
missile. 

Attention is called to the fact that F-101 and F-lOft aircraft are cow»oBiy 
eiiliaed by Convair, Fort forth, as pl*»e»" during b~t?8 riigm test 

operations. Sonic hoc© recordings of these aircraft could be uonwaiiieofcly obtaanau 
over the am* test range *nd under the same test conditions as the li-58. Ho east 
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estimates are included herein for the addition of these two supersonic aircraft 
to the proposed B -58 sonic boom data program. However, it is pointed out that 
no additional instrumentation or manpower would be required In the flight test 
program. Additional model construction emits to be encountered in adding small 
models of these aircraft to tile proposed wind tunnel program would be slight. 

Convalr believes that boom predictions for arbitrary vehicle ge ome tries 
and flight conditions can be reliably determined from a coordinated wind tunnel 
and flight program of the B-J>8 and Bomarc. Analysis of these should yield a 
reliable method of extrapolating wind tunnel boom measurements of any particular 
supersonic vehicle to full scale operating conditions. The four steps of this 
program are: 

1. Wind tunnel tests of the £-f>8 and Bomarc. 

2. Flight testa of the £-38 and Bomare, 

3. Determination of generalised ’scale” effects from analysis 
of the B~58 and Bomarc flight and model data. 

4. Correlation of wind tunnel boom measurements of the particular 
vehicle by the results of Step 3 to attain full scale sonic boatt 
predictions in che earth's atmosphere. 

~*t .. , r : * 1 i. ,, > _ . 

'-J'J&'-m - - * w so*****. giJ tile 
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III. Wind Tunnel fasts 

The configuration geometry, size, and Mach number as well as observer 
distance and pressure effects will be Investigated In the N.A.S.A. Lewis 

■s.,v' ■ IP *• ■ 

Research Center 10 foot mipersonic wind tunnels- Small, inexpensive models of 
the B -58 and Bomarc will be used to generate “sonic boom” overpressures which 
will be recorded at various stations throughout the test section as shown In 
Figure 2. Models will range from 2 to 12 Inches In length. 

The 10 foot supersonic wind tunnel at Lewis is capable of Mach numbers 
up to 3 . 6 . “Boom” overpressures have not been measured In this tunnel but 
the needed Instnssentatlon and test techniques have already been developed 
by the Langley Research Center and can be made available to Lewis. 

A table summarizing the wind tunnel program is presented in Figure 3. 
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IV. Plight Test Program 

Selection of the B-&8 and Beware vehicles for the proposed flight test 
program has Been dictated by their abilities to generate controlled data at 
high Mach numbers and extreme altitudes. Bata will be gathered in performance 
realms assigned to each vehicle as follows? 

Mach Humber Altitude 

B .58 1.5 - ? 40-60,000 ft. 

Bemare 2.6 or higher 60-70,000 ft. 

This data will be recorded on several different test dates in order to obtain 
a reasonable sampling of the effects of ataaospherlc irregular. ties. Temperature 
and wind distributions, cloud covers, and atmospheric moisture content existing 
at t * 1 * time of each test run will be recorded. This information will be needed 
to guide the data reduction, analysis, and correlation required to define 
atmospheric attenuation effects. Vehicle Mach number, altitude, and offset 
41 stanc e mast be recorded on every test run. 

Convalr and S.A. 3 . A. personnel have arrived at common decisions relating 


to instr u ments* 1 on teeHM-e*e#-« Parallel but independent experience shows that 
u sonic bow ' overpresawree should be reconciled with instrumentation systems bavin, 
both high anti loa frequency response capabilities, the projxiseu teeufluque u*iu? 


each data gathering static”. 


■ ....... A 4 
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Pickup has been selected due to its wide-band frequency response and low unit cost. 

An Altec-Lansing Model 21 BR{150 db) Condenser Microphone and a Statham Model 
P9TTC-0.05D-350 Pressure Transducer are called for to permit correlation with 
earlier data recorded with these instruments. All this equipment is readily 
available commercially. Additional instrumentation details are covered on later 
pages. 

All B -58 data will be obtained by Convair as a part of its present flight test 
program. Three acoustical detection stations will be required to properly cover the 
boom swath as shown in Figure 4. Lined up perpendicular tc the flight corridor they 
will insure adequate coverage in spite of inevitable deviations from the prescribed 
flight path. The width of this path is revealed in Figure 5 which shows the path 
and resultant reported complaints arising from the booms of a recent B -58 test flight. 
The width of this boom swath is indicated to be about 100 nautical miles, roughly 
twice the theoretically predicted value. A reported seismograph reading at the time 
of this "sonic boom" incident Incited local news reports of an unprecedented ’’Amarillo 


Earthquake . " 

During the proposed B -58 test period it would be possible to achieve additional 
useful associated With sonic booms. For example, the nose boom of a chase air- 

plane used in the testing could be pressure instrumented to directly verify the free 
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me Bomarc boom data may be gathered at two Florida sites in the near 
future. During the months of March and April, the Boeing Airplane Company 
will conduct two more firings at Cape Canaveral suitable for boom measurements. 

Starting "soon" (presumably in March) USAP ±» to commence training firings 
of Bomare from an Sglin Field installation. The rate of firing is understood 

to be one per week. This series of firings should prove quite beneficial in 
generating valuable bom data. 

In addition, B-58 aircraft #3 is currently scheduled to be based at 
331111 Fleld for fir ® conicro1 te»ting from nid-March through December 1959. 

™ 8 alrcraft "L** conveniently be flown over the sonic bom data recording 
range proposed for Bmarc in order to gain "soeic boos" data for the B-58 
and Bomarc under the same atmospheric conditions. Such flights would insure 
correlation of Bomarc flight teat data with that recorded in the B-58 flight 
test program at Port Worth. 

As sketched in Figure 6, five small craft (patrol or crash boats) would 

*• “«* *> to •«. in . Um no**! to t*. fUsht 

each boat would be u coetplete 'bom oeteetion unease*. 

FigaiH, 7 Ktves a comparison of predicted and recorded bom levels of the 
B- 5 ®. Predicted magma of boom .Levels smtieinew 

supersonic vehicles such as a typical 900.00® «*, , trsi cat J5.00C 
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V. Method of Data Analysis 

Comrair's analytical approach to the "sonic boom” prediction problem is 
essentially the same as was adopted In the Princeton Report, The effects of 
configuration geometry and size and Mach number are identical in both analyses. 
However, differences in the prediction of ''sonic boom" intensity result from 
differences in the atmospheric attenuation effects assumed by each organization. 

Wind tunnel test results will be summarized and presented In the forts of 
the basic parameters common to both Comrair'a and Princeton's analyses. Isolated 
effects of configuration geometry and size and Mach number will be clearly defined. 
These data summaries will provide reliable predictions of Initial "sonic boom" 
Intensities, prior to any atmospheric attenuation or refraction, for the B-58 
and Bomarc. 

An evaluation of atmospheric attenuation and refraction effects will be 
derived from direct comparison of wind tunnel and flight test data. The flight 
test data will be analysed to determine the effects of non-standard temperature 
gradients, wind gradients, cloud cover, and atmospheric moisture content. A 
knowledge of the effects of these phenomena upon the properties of sonic booms 
is prerequisite to accurate predictions of booms propagating through real 
atmospheres . 
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VI. Tentative Schedule 

The tentative schedule, illustrated in Figure 9* Has been set in accordance 
with the immediate needs for the proposed data. Implementation of the flight test 
program, in particular, should be initiated at the earliest possible date. Previous 
experience gained by Cowalr personnel In gathering "sonic boom" date, indicates 
that considerable time may be required to accrue the proposed flight test data. 
Favorable combinations of atmospheric conditions and scheduled flight testa 
way be anticipated on a statistical basis only. It la proposed that the wind 
tunnel testa be conducted at the earliest possible date also. Thus adequate 
time may be allowed to analyze results and properly evaluate these by a 16 May 
target date. 
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¥XI* Estimated Costs 

This section has been prepared in an effort to provide the data required 
to jaake an overall cost estimate for the proposed program. Expense ite ms which 
can be estimated by Convair amount to a total of $63,198. This total is herein 
broken into three pertinent areas for further analysis and approval. 

Mind Tunnel Pa*ogiaaflg 

The following cost estimates for the proposed Wind Tunnel Program 
-■-S sums '.bat tu4t .<111 be made available, free of charge. In the 

aforementioned NASA Lewis 10 foot/ supersonic wind tunnel.. . It is 
iUrther assumed that this test program will be conducted in conjunction 
with an NASA ''sonic boas" research program. Experienced personnel and 
proven instrumentation accruing from previous "sonic boom" research at 
NASA Langley will be utilised in conducting the program currently 
proposed. Additional coats are as follows: 


Model Construction Costs 

| 8,800 

Transportsti.cn Expenses 

1,030 

Per Diem Expenses 

500 

TOTAL 

$10,330 
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B * Flight: Test Pmna 


The following cost estimates assume that all B-58 "sonic boom" 


data gathering will be conducted by Convair, Fort worth personnel in 
ana local vicinity os that installation , It is estimated that twelve 
(12) local field trips will be required so obtain the needed satis- 


factory teat runs waled will be recorded at three separate stations* 
*&ta gathering will be phased in with the current B-58 Flight Teat 


Program. Coats to be incurred in equipping and operating three (jj 


data stations are as follows* 

*W«w (H**> hr*. H $ 6 . 45 /h r. avg. coat) 

* Inst runs®;; tatiw*j to be P urchased 

2 C.li.C. Transducers <* $175 each 

2 3tatha» Transducers 9 $300 each 
2 Altec - La n s i ng Transducers © $300 
® Qjwillatar Tower Supplies for Microphones at 
f200 each 

6 Driver Amplifier and Pre-Amplifier Units at 
$610 eac h 

2 Recording Oscillographs © $2800 eac h 
8 Galvanometers @ $?6o each 


12,4y0 


Materials required 


300 


^ *40 UiU • 


TOTAL 


4 21 j 143 


TMm thm.t m * 
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C. Bomarc Flight Teat irogram 

It is assumed that these data will be gathered in the vicinity of 
Cape Canaveral, Florida. Basic support equipment and personnel to man 
five ( 5 ) acoustical recording stations are assumed to be furnished by 
the data gathering agency. Implaaentation of this program and utilisation 
of any Convalr personnel have not been considered. Costs for equipping 
the stations with recommended pressure sensing instrumentation illustrated 


in Figure 10 are as follows: 

♦Instrumentation Costs (per station) $ 6,2t5 

Material Costs (per station) 100 

Total per station $ 6 , 345 

Total fer five ( 5 ) stations $ 31# 725 


♦Motes Proposed instrumentation of oaoh data station and appropriate unit 
costs are detailed In the following section. Reference to that 
section will enable the above costs to be reduced in accordance 
with on-site available equipment inventories. Attention Is called 
to the fact that the If. ft. S. A. Langley Instrument Pool inventory 
Includes much of the needed equipment. It is believed that two 
acoustical detection stations could be instrumented with equipment 
currently available there. Equivalent Instrumentation for five 
Stations could be implemented by drawing equipment from other pro- 
ject* there and. appropriating; only sis pickup transducer a not i.i» 
tlielr current Inventory, 
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VIII. Suggested Instrumentation 

It is proposed that each data station be furnished three (3) particular 
pressure transducers and appropriate amplifying and recording equipment as 
follows: 


Consolidated Electrodynamics Corporation 

Type 4-430 Sound Pressure Level Pickup 

$ 175 

Statham Laboratories Model P97TC-Q.05D-350 
Differential Pressure Transducer 

300 

Altec-Lansing Model 21 BE (15c db) 

Condenser Microphone 

300 

Driver Amplifiers and Pre-Amplifiers <s 

J610 per channel (any models capable of 

4 to 500 cps flat frequency response ) 

1*830 

Oscillator Power Supply for Microphone 

200 

8-channel Honeywell Vial corner 

2*800 

Galvanometers for Recorder 0 $160 each 
(0 to 500 epa flat frequency response ) 

640 

Total per station 

$ 6*245 
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Shock Wave Effects Due To High Altitude Supersonic Flight 

This subject was discussed with Mr. Fred Daum, Aeronau ic/.l 
Research Laboratory and Dr. H. 0. Parrack, Coordinator Air i orcl 
Noise & Vibration Program, Wright Field. 

A brief recap: There has been no high altitude supersonic 
test for this purpose above F0,000 feet altitude. Phase II of 
"Little Boom" recently conducted, was a high altitude (belo ■ Fu, 
feet) supersonic test and the report is being prepared by ISioSA ' 
Langley Field, Va. and should be released soon. 

TWO EARLY REPORTS BY MR . FRED DAUM ARE ATTACHED. A NA 0 K: 
dated September 1 9^9 is available. See attached summary. 

AN EXTENSIVE TEST PROGRAM IS BEING PLANNED AS A PRELIMsNAU) 
DEVELOPMENT PLANS FOR A SUPERSONIC COMMERCIAL AIR TRANSPORT. 

TEST PROGRAM PLANNING INVOLVES FAA, NASA AND USAF . DR . PARRACK 
CONCERNED WITH THE USAF PARTICIPATION. 
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'’The Theory and the Problems of the Sonic Boom" 

The sonic boom phenomenon is not something new but has actually been 
observed in various forms for many years. For example, a small sonic boom 
is created by the cracking of a whip, the end of which actually accelerates 
to sonic speeds and generates shock waves which when passing the human ear 
are heard as cracks. Also, in ballistics firings it was noted years ago 
that supersonic projectiles made a cracking noise as they passed by. In 
both of these cases it was recognized that the noise was the result of 
shock waves generated during supersonic motion. 

Apparently no particular thought was given by the aerodynamic 1st to 
the fact that shock waves generated by aircraft flying at supersonic speeds 
would, in addition to increasing the aircraft drag, also be heard by observers 
as explosion-like sounds. Thus, the first occurrence of the sonic boom re- 
sulting from diving the early F-86 airplanes to slightly supersonic speeds 
came as a surprise as mysterious unexplained explosions began to appear 
across the country. Finally, in about March 1950, several test dives at 
Wright-Patterson Air Force Base showed definitely that the diving F-86 did 
create the booms heard so mysteriously. Then a number of theories regard- 
ing the phenomenon appeared, all trying apparently to account for the varying 
number of booms which were heard on different occasions. 

Recently aircraft performance has been increased to the point where low 
supersonic speeds can now be attained in straight and level flight. It also 
appears reasonable that, in the not too distant future, speeds up to several 
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times the speed of sound will be reached. The knowledge that property damage 
and public panic have resulted in the past with aircraft that barely exceeded 
the speed of sound, and then for only short periods of time and at high alti- 
tudes, quite naturally leads to the question of, "What will be the effects of 
these booms from airplanes flying at much greater speeds and at lower altitudes' " , 
and this we will discuss later. 

Before going further, let's answer the question, "What is a sonic boom?" 

The answer is that a sonic boom is a sound which is heard when a shock wave, 
which is a pressure wave, is created by a body moving at supersonic speec 
and reaches the ears of an observer. Sound waves are pressure waves, anc a 
single strong pressure wave is therefore heard as a boom. The nunfcer of 
booms which are heard is the number of shock waves which reach the observer. 

Now let's take a minute to see, "What are shock waves?", and, "How are 
shock waves generated?" We cannot see the shock waves in air, but an 
analogy which we all have seen arises from the case of a boat moving 
through water; the water piles up immediately in front of the boat and 
water waves trail rearward at an angle from the bow and stern. Further, 
if you were sitting in a small boat and observed the waves being made by 
another boat as it passed, you also noticed that your boat rocked as the 
waves passed. Also, there probably have been times when the passing boat 
was large or passed near by which made large waves and you became quite 
concerned about your boat upsetting 1 A si mil ar thing happens in air in 
supersonic flight where the waves are differences in air pressure and 
correspond to the difference in water level in the water-wave analogy. 

An item worth noting here, is the fact that in the propagation of the 

2 
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water wave there is no continuous flew of water in the wave direction but 
rather it is a temporary distortion of the surface which moves Along. Also,, 
for weak pressure waves in air, there is no continuous movement, or flwr, in 
the direction of the wave but only a small movement where the air jumps ahead, 
kicks the air in front of it in the seat of the pants and then quickly fawps 
back. Meanwhile, the kicked air passes the kick on and in this manner the 
pressure wave travels through the air at the speed of sound, if the distur- 
bance is weak. 

It is these pressure disturbances which travel ahead of a body in sub- 
sonic motion and warn the air ahead that the body is coming so that the air 
begins to move aside for the body to pass before the body gets there, flow 
if the body moves at supersonic speed, these disturbances are not moving 
as fast as the body and so there is no way of warning the air ahead that 
the body is coming. The air in this case does not feel the presence of the 
body until it act ually arrives and then very quick action is required for 
the air to move aside. 

In order to clarify this point let's look at the following chart 
(Figure 1) which illustrates a simplified version of the propagation of 
pressure disturbances. Here, a stationary source of pressure disturbaroes 
is shown where the pressure waves propagate radially away from the source 
at the speed of sound. 

Next, consider that the generating source is moving at a subsonic 
speed. Each disturbance generated is still radiated in all directions 
from the point where it was created. It is seen that there is a tendency 
for the disturbances to become more closely spaced in the direction of 
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motion because the instantaneous centers of the disturbance rings are no longer 
superimposed, as in the stationary source case, but are distributed along the 
path of the motion. 

Now consider that the source generating the pressure disturbances is 
moving faster than the speed of sound. This means that the generating 
source actually moves outside of the disturbance ring just generated, as 
shown on the chart. It is also shown that the disturbance rings all become 
tangent to sloping lines drawn rearward from the source. These lines are 
regions where the individual disturbances reinforce each other and build 
up large disturbances. These large disturbances are shock waves. Loo:- ring 
at the geometry of the figure it is seen that the wave must be moving away 
from the path of motion in a direction normal to the wave front and at the 
velocity of sound. This geometry provides a clear picture of the term "Mach 
number", which is the ratio of the disturbance velocity to the sound velocity 
and the term "Mach single", which is the angle the shock wave makes with the 
path of motion. This was not intended as a rigorous explanation of the 
formation of shock waves and a number of slight variations do appear but 
this should suffice for the present purpose. 

At this time it is appropriate to view a short film which has beer, pre- 
pared by North American Aviation, Inc. on the subject of the sonic booc. 

This film deals with a shallow water wave anology and further demonstrates 
some of the points already discussed. The airplane model shown does net 
touch the water but sits upon a support having a double wedge or diamond 
shaped section which is in the waterj it is the support that makes the 
waves. 
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The first scene shows an object being dropped into a quiet water surface 
and the disturbance waves are seen propagating radially away from the distur- 
bance source at a speed which corresponds to the speed of sound in air. Next 
the steady state motion case is shown; as the body moves through the water at 
a steady speed the head and tail waves are seen trailing from the body. Next 
the waves are shown to form as the body is accelerated. The effects of slowing 
from supersonic to subsonic speeds are next shown; this scene illustrates the 
transient case where the waves propagate ahead of the body at about the sound 
velocity as the body slows down. This last case will be discussed further, 
later on. 

The shock wave concept is now the generally accepted theory of the sonic 
boom and some of the early ideas that a sharp pull-out is required or that 
the boom results from an accumulation of sound have been abandoned. The 
important variable, in relation to the sonic boom, is the magnitude of the 
pressures associated with shock waves, since these pressures determine the 
overally loudness of the boom, the possibility of damage to property, and the 
likelihood of adverse physiological effects on the human being. Therefore, 
we will discuss the pressure characteristics of shock waves. 

Our discussion of the pressure characteristics of shock waves will center 
around the changes in pressure which occur during the passage of a shock wave Ai 
we will consider the pressure changes in terms of the units, "pounds per square 
foot". In order to get a feeling of what these "pounds per square foot" numbers 
mean, as far as the hearing sensation in the ear is concerned, the following 
chart (Figure 2) has been prepared. We see here the ear is apparently intended to 
operate over the sound pressure level range of about 0.0005 to 2.0 pounds 
per square foot, where the sound heard at the 2.0 pounds per square foox 
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pressure level is very loud. We see that at 4.0 pounds per square foot the 
sound becomes painful to the listener and at sound pressures of about 40 
pounds per square foot and above, human ear drums begin to rupture. 

Let's switch our discussion here to the shock waves which are associated 
with a typical airplane flying at supersonic speed. Looking at the next chart 
(Figure 3) two cases are shown. One is for straight and level flight which 
gives a steady state condition; the other case is for a diving flight with 
a pull-out and which gives transient conditions and the booms which most 
of us have experienced so far. For the steady state condition, the airplane 
the shock waves move through the air as a system. The wave pattern near 
the airplane has been simplified on the chart and only the primary waves are 
shown; in general these are the main waves with which we are concerned. If 
the wave system shown extends downward from the airplane a sufficient dis- 
tance to reach the ground, then the waves travel along the ground at the 
same speed as the airplane. At each point on the ground which the waves 
cross, two booms will be heard as the bow and tail waves pass. The air- 
plane in this case leaves a continuous trail of booms along the ground 
under the airplane. The pressures on the ground at any point which the 
waves cross would vary about as shown; that is, there would be a strong 
compression (the first boom) followed by a gradual decompression to a 
pressure below atmospheric, and finally a strong re compress ion to atmos- 
pheric pressure (the second boom). 

The diving airplane presents a different picture in that the air- 
plane pulls out of the supersonic dive and slows to a subsonic speed 
■while the shock waves, which are propagating at velocities generally 
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slightly greater than, but near, the sound speed, pass the airplane and con- 
tinue on their own, eventually striking the ground and creating booms. 

Theoretical Considerations of Shock Wave Pressures 

The theoretical aspects of the transient phenomenon are quite compli- 
cated because of the varying Mach number and the usually curved flight 
path and have not yet been very thoroughly investigated. The steady state 
case has been theoretically analyzed although many simplifying assumptions 
were made in the analysis. The following chart has been prepared (Figure 
4) to show the theoretical variation, with distance from the body, of the 
jump in pressure across the bow shock wave. The curves were obtained 
through application of the results of an analysis of the behaviour of shock 
waves produced by bodies of revolution performed by the British Mathematician 
Mr. G. B. Whitham. For this, and the following theoretical data which are 
presented, it is assumed that the body moves through still air of uniform 
pressure and temperature. The theory further applies to a parabolic bod." 
of revolution with th6 length of a typical airplane. This plot is aimed 
at demonstrating the effects of increasing Mach number and curves are 
shown for Mach numbers 1.04, 2, and 4, since it is likely that within 
the next 10 years level flight up to perhaps Mach 4 may be achieved. 

As seen from this plot, the effects of Mach number are small especially 
at distances greater than 5,000 feet. Here, at Mach 1.04 the peak 
pressures 5,000 feet away from a typical airplane amount to only about 
4 pounds per square foot and increasing the Mach number to as high as 
4 only raises the peak pressure to about 7 pounds per square foot. It 
was shown earlier that this 4 pounds per square foot will result in a 
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painful sensation in the human ear. At greater distances from the airplane th* 
waves are shown to grow very weak. It will be noted, however, that in going 
closer than 5,000 feet the peak pressures observed rapidly increase at a 
Mach number of 1.04 and 200 feet away the pressure expected would be about 40 
pounds per square foot. Actually, at this speed, the pressure Jump immedi- 
ately in front of the nose of the airplane amounts to 195 pounds per square 
foot. In order to more clearly illustrate the effect of Mach n umbe r on the 
bow wave pressure jump at close distances the following chart (Figure 5) has 
been prepared and shows, for the size of a typical present day fighter type 
airplane, the pressures that might be experienced if the airplane passed 
over head at only 200 feet. This clearly indicates that the Mach number 
effects are not strong, since doubling the Mach number of 1.3 gives only 
about a 30 percent increase in pressure jump. 

Now let *s consider theoretically what are the effects of varying the 
body size, again, for a parabolic body of revolution. This next chart 
(f igure 6) shows the variation of pressure jump across the bow wave with 
distance from the body, for a flight Mach number of 1.04 and for bodies of 
various slenderness ratios. As would be expected, the larger body diameter 
results in greater pressure jumps. If extended down to the very front 
of the body these 4 curves would each have to show the same pressure of about 
200 pounds per square foot. Here, we have held the body length constant 
and varied the diameter. We see that the pressure jump is then directly 
proportional to the body diameter-to- length ratio. If we keep the 
body shape fixed and merely enlarge the same body, the pressure 
jump at any given distance from the body is then proportional to 
the 3/4 power of the body length; the pressure does not increase quite 
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as fast as the body size. This theory is not valid for distances very close 
to the body. The curve for S * .15 is fairly representative of todays air~ 
planes, where S is the ratio of maximum cross section diameter to the body 
length. 

Y/e have assumed so far that the body generating the shock waves is 
flying in air at sea level pressure. For the purpose of illustrating the 
effects of altitude, or decreasing static pressure, on the magnitude of 
the pressure jump across the bow wave, the following chart (Figure 7) has 
been prepared. This chart clearly shows that with increasing altitude “lie 
pressure jump becomes smaller. The reason for this is that the body size, 
flight Mach number, and the distance from the body determine what the pres- 
sure ratio across the shock wave will bej that is, the ratio of pressure 
behind the shock to that in front of the shock. Thus, if the pressure in 
front of the shock is decreased then the pressure jump will decrease in 
order that the pressure ratio remains the same. Then, at 20,000 feet 
altitude where roughly only one half an atmosphere pressure exist*} the 
pressure jump is only h alf of that which would be obtained at sea level. 

Also in the case of flight through the atmosphere there is a decrease 
in temperature with increasing altitude which roughly amounts to 4.5 de- 
grees Fahrenheit per thousand feet, or converseley, in coining down from 
altitude the temperature increases. As was shown earlier the speed at which 
the shock waves propagate, at appreciable distance from the airplane, is 
equal approximately to the speed of sound. The wave speed actually depends 
on the speed of sound and the speed of sound, in turn, depends upon the 
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absolute temperature of the air. Therefore, in the normal atmosphere, as the 
shock waves travel down to lower altitudes the bottom end of the wave begins 
to travel faster, which makes the wave curve forward. For an inverted tem- 
perature gradient the shock wave would curve rearward. Because of this 
temperature difference in the atmosphere it is possible to fly at low 
supersonic Mach numbers at altitudes where the velocity of sound is low 
and where shock waves are formed and are pulled along with the airplane, 
but, with respect to the sound velocity at the ground level the airplane 
is subsonic and the shock waves therefore cannot exist at the ground 
level. This means then that it is theoretically impossible for sin air- 
plane to fly in level flight at a speed less than 760 miles per hour (or 
a speed equivalent to the speed of sound at the ground) and have the 
waves which sire being pulled along reach the ground, the reason being 
that this would result in an impossible case of having shock waves 
moving at subsonic speed. The following chart (Figure 8) has been pre- 
pared to illustrate the effects of atmospheric temperature on the steady 
state shock wave. With the normal temperature variation with altitude 
the wave is shown to run forward and stop above the ground at a posi- 
tion where the local sound velocity is equal to the airspeed of the 
airplane. The inverted temperature gradient causes the wave to sweep 
back at a greater angle, as shown. 

The distribution of wind through the atmosphere also effects the 
shape of the shock wave front. The case of a wind increasing with 
altitude is shown on this chart (Figure 9). The airplane is shown 
flying into a headwind and at a given airspeed. With respect to the 
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air at lower altitudes the airspeed is lower since the head wind is less so 
that in moving down the shock wave the Mach number decreases. The offset is 
that the wave steepens at the lower altitudes since it must adjust to the 
decreasing Mach number* It must be remembered here that the shock waves 
and the airplane are all moving through the air at the same absolute speed 
as a system* Also shown on this chart (Figure 9) is the effect of the same 
wind gradient but with the airplane flying down wind. The expected effect 
in this case would be to bend the wave rearward, as shown. - It should also 
be mentioned here that there is to be expected an effect of atmospheric 
pressure on the pressure jump across a shock wave as the wave goes to 
lower altitudes. The exact effects are not presently known but this 
situation is presently being analyzed and studied in detail along with 
the other atmospheric effects. 

How Does Theory Compare with Experiment? 

Let's take a look to see how theory and experiment compare. Only a 
limited amount of experimental data have been obtained to date. Some date 
were obtained from the transient case of the diving F-86 airplane and the 
next chart (Figure 10) shows a typical time history of the ground pressure 
for this case. It has been learned that the first N-shaped pressure wave 
is from the passing of the head and tail shock waves and the second weaker 
wave is the result of a transonic wave which begins building up slightly 
before the airplane reaches the velocity of sound and which drops away 
from the airplane to the rear after the airplane goes through Mach one. 

This second set of waves will not be discussed any further because it has 
always been observed to be weak relative to the first wave. Little more 
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than the magnitude of the ground pressures was learned from the early tests. 

With the construction of several Air Force airplanes capable of super- 
sonic straight and level flight, the WADC experimental efforts were extended. 
The data from this recent study are not yet completely reduced but the avail- 
able results will be presented. 

The following chart (Figure 11) presents the results of several close 
fly-bys at Mach 1.04 and compares these points with Whitham's theory. The 
experimental data were obtained during tests on a 10,000 foot high mountain 
peak but the results have been reduced to equivalent sea level pressure. 

The ratio of the effective maximum airplane body diameter to airplane 
length was about 0.17 for which this theoretical curve was computed. It 
is interesting to note that at 200 feet altitude and at Mach 1.04 a pres- 
sure jump of 28 pounds per square foot was measured which would have been 
about 36 pounds per square foot if the pass had been made at sea level. 

Also, an important point is that fairly good agreement exists between the 
theory and the experiment indicating that shock wave pressures can be pre- 
dicted with reasonable accuracy using the available simplified theory. 

An interesting plot is shown on the following chart (Figure 12). 

The s olid line represents the theoretical maximum altitude at which 
straight and level supersonic flight can be accomplished and have the 
shock waves just reach the ground. This accounts only for the standard 
atmospheric temperature effects and neglects wind and pressure influences. 
The limiting line is shown to rise vertically from 35,000 feet altitude 
because the temperature of the standard atmosphere is essentially con- 
stant between 35,000 and 100,000 feet altitude. Experimental verification 
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of this curve has been loosely established. Also, at an altitude of about 

30.000 it presently appears from experiment that the curve will bend over 
something like that shown by the dashed line. This plot indicates that 
supersonic straight and level flight is possible without creating booms, 
as long as the flight conditions fall in the region above the solid and 
dashed lines. It appears possible that the curve will level off between 

35.000 and 40,000 feet altitude. This altitude range then, represents 
for straight and level flight the limiting distance which these waves 
will propagate down through the standard atmosphere and remain audible, 
considering only the effects of atmospheric temperature. 

Next we will consider the ground area covered by these waves. From 
observations made by persons spread along a line, first parallel to the 
flight path and then perpendicular to the flight path, the following chart 
(Figure 13) has been prepared. The lateral spread measured was not neces- 
sarily a- maximum. This is also for the case of the airplane diving to 

20.000 feet altitude at supersonic speed. The chart shews that for both 
directions the sound was heard over a ground distance of between 15 and 
35 miles. This is only qualitative data but does serve as a guide regarc- 
ing the range of the waves and would seem to discount seme of the random 
reports which have been made regarding the extreme range supposedly covered 
by the waves. 

Possible Damage From Sonic Boom 

The question of, "How much damage can be done by the boom?" is diffi- 
cult to answer. However, we do know that from the large number of booms made 
with the F-86 covering large areas of houses, barns, storerooms and the like, 
that comparatively little damage has actually been inflicted and then it was 
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confined largely to large plate glass windows with several isolated cases of 
cracked plaster or items knocked off of shelves, etc. 

There are several known instances of high speed low level flight which 
did result in somewhat more severe damage. One instance was the F-100 flight 
demonstration for the press at Palmdale when 3 low passes made over the 
administration building with a diving supersonic start broke many 1/4 inch 
thick door and window glass plates and cracked the boards in the door 
frames. No one was injured but glass was reported to have been thrown 
far and hard. 

Another case of more severe damage occurred during the speed record 
runs by the F-100 over the Salton Sea. Damage to 17 homes amounting to 
$3,600 was incurred in the form of broken doors, door frames, and windows. 

Operational control of all supersonic aircraft is necessary in order 
to avoid serious property damage and to minimize the public nuisance 
aspects of the sonic boom. The Air Force and industry have already 
recognized this requirement and local operational procedures have been 
generally established which keep the aircraft at fixed distances from 
cities, populated areas, and other aircraft, as well as at high altitudes 
during supersonic flights. There is no known method of eliminating these 
shock waves. The aerodynamic ist is working to reduce the wave drag of 
aircraft which will reduce the intensity of the waves but not avoid them. 

There are no known cases of adverse physiological effects on humans 
although present day aircraft are capable of creating shocks with pressure 
jumps of about 40 pounds per square foot if they pass close enough, which 
is the range at about which human ears begin to rupture. The next item 
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of physical failure on the human body with increasing pressure jump is the 
lungs but the pressure required for damage to the lungs is about 5 atmos- 
pheres and this type of injury is therefore not anticipated. 

Fran sane of the reportings of boom effects, it appears that there is 
a tendency to panic if the source of the sound is uninown or not recognized. 
Some animals, however, appear to panic easily and sane rather serious effects 
have been reported from various chicken farms. 

To avoid these problems, the operational control previously mentioned 
appears to be the immediate answer along with a general education of the 
public regarding the sonic boom and its characteristics. 

Military Application of the Boom 

Now, what about possible military applications of the boom? It has 
been shown that extreme low altitude supersonic flight will result in high 
shock wave pressure jumps - at say, 100 feet altitude at Mach 1.5 pressures 
of the order of 100 pounds per square foot might be obtained. Wooden 
buildings would be especially susceptible to damage from strong shocks and 
in this pressure range serious physiological and psychological effects 
would be expected. 

With respect to damaging other aircraft, it may be said that based 
on studies of blast damage to aircraft it is possible with present aircraft to 
obtain shock pressures in the range where certain types of damage are in- 
flicted. However, because of the requirements of extreme nearness of the 
two aircraft, it presently appears that air-to-air offensive or defensive 
action is not practical. 
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Unanswered Problems 

There remain quite a number of questions as yet unanswered. Past 
experience has indicated that although the pilot has a general knowledge 
of what ground area will receive the boom from his supersonic flight, it 
often happens that a remote or unexpected area is boomed. This is especially 
true for the case of maneuvering flight, where the aircraft is turning, pulling 
up, diving, etc., and it is now important that these transient effects be 
studied. There are also important questions, such as, "Is there an appreciable 
focusing effect due to turning flight which builds much higher than usual 
shock wave pressures on the inside of the turn?"; "What are the pressure 
characteristics of the shock waves generated by a formation of airplanes 
at supersonic speeds?" which must be answered since they could have quite 
a bearing regarding the application of shock waves as offensive or de- 
fensive weapons. Another question we ask is, "What can we do about the 
sonic boom?" The answer is that we know of no way to eliminate the booming 
shock waves completely. The aerodynamic ists are working to decrease the 
wave drag of aircraft by using more slender wings and bodies, decreasing 
wing-body interference drag, properly locating engine air inlets, etc. 

Through these efforts the intensity of the wave may be decreased but it 
cannot be eliminated. 

The question of "How do we prevent the sonic boom from doing damage 
to property or injury to humans?" can now only be answered by saying that we 
must apply operational control of all aircraft with supersonic speed capabil- 
ities and continue the study of the phenomenon in order that flight 
restrictions may be most intelligently established. 

The physical size of the phenomenon involved and the many influencing 
variables make the experimental measurement problem quite complicated. It 
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is apparent that it is not practical to instrument the total ground area 
covered by the wave, but rather, instruments must be strategically located 
Tor providing data for correlation with theoretical results and predictions. 
The sonic boom problems and recently acquired test data are presently oeing 
evaluated at the Wright Air Development Center to clearly establish the 
particular areas in which further research and development efforts are 
desired. It is certainly necessary that the experimental study of thi s 
phenomenon be continued until all of the various facets involved have 
been thoroughly exploited and are clearly understood. 
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